Renal mitochondrial glutamine metabolism and dietary potassium and protein content  by Adam, William R. & Simpson, David P.
Kidney international, Vol. 7 (1975), p. 325—330
Renal mitochondrial glutamine metabolism and dietary
potassium and protein content
WILLIAM R. ADAM and DAVID P. SIMPSON
Departments of Medicine and of Physiology and Biophysics, University of Washington, and the U.S. Public Health Service
Hospital, Seattle, Washington
Renal mitochondrial glutamine metabolism and dietary potas-
sium and protein content. Glutamine distribution, glutamate
accumulation, phosphate-dependent glutaminase (PDG) con-
centrations and intact mitochondrial ammonia production were
studied in renal mitochondria from rats fed low, normal and
high potassium diets and in mitochondria from rats fed high or
low protein diets. The rats given a low potassium diet were
potassium-depleted by 10 to 20% but in none of the groups were
there any abnormalities of extracellular acid-base status. Glu-
tamine was present in the outer space of mitochondria but could
not be detected in the matrix space in any group. In both the
potassium-depleted and the high protein animals, we found in-
creased matrix '4C-uptake of glutamine (as '4C-glutamate), in-
creased intact mitochondrial ammonia production and increased
concentrations of PDG, In the K-depleted group there was a
decreased matrix 14C-uptake when '4C-a-ketoglutarate or "C-
glutamate was present in the medium. Potassium loading pro-
duced no change in mitochondrial glutamine metabolism. Pro-
tein loading (compared with protein depletion) and potassium
depletion induce an increased uptake of glutamine into the renal
mitochondrial matrix space which leads to its increased deamida-
tion. This adaptation may explain the increased renal ammonia
production seen in these situations when compared to their
respective controls.
Métabolisme de Ia glutamine dans les mitochondries du rein
et contenu de l'alimentation en protéines et en potassium. La
distribution de Ia glutamine, l'accumulation de glutamate,
les niveaux de glutaminase phosphate dépendante (PDG) et Ia
production d'ammoniaque par les mitochondries intactes ont
été étudiées dans les mitochondries rénales de rats nourris avec
des regimes pauvres normaux ou riches en potassium et dans des
mitochondries de rats nourris avec des regimes riches ou pauvres
en protéines. Les rats qui recoivent un régime pauvre en potas-
sium sont déplétés de 10 a 20% mais n'ont pas d'anomalies de
I'équilibre acido-basique extracellulaire. La glutamine est
présente dans l'espace externe des mitochondries mais ne peut
être détectée dans l'espace matriciel. Nous trouvons, a Ia fois
chez les rats déplétés en potassium et chez ceux soumis a un
régime riche en protéines, une augmentation de Ia captation
par Ia matrice de Ia glutamine (sous forme de 14C-glutamate),
une augmentation de Ia production mitochondriale d'am-
moniaque et des niveaux augmentés de PDG. Dans le groupe
déplété en potassium on observe une diminution de Ia captation
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de 14C par Ia matrice quand du 14C-a-cetoglutarate ou du
"C-glutamate sont introduits dans le milieu. La charge en
potassium ne produit pas de modification du métabolisme
mitochondrial de Ia glutamine. La charge en protéines (com-
parée avec Ia déplétion) et Ia déplétion en potassium détermi-
nent une augmentaion de Ia captation de glutamine dans
I'espace matriciel des mitochondries rénales, ce qui conduit a
une déamidation augmentée. Cette adaptation peut expliquer
l'augmentation de Ia production rénale d'ammoniaque observée
dans ces situations par comparaison avec leurs contrôles
respectifs.
In both rat and dog, potassium depletion increases
renal ammonium excretion by increasing renal am-
monia production [1—3]. Changes in rat kidney slice
metabolism in potassium depletion include increased
glutamine utilization and increased production of
ammonia, glucose, glutamate and CO2 [3]. Increased
renal concentrations of phosphate-dependent gluta-
minase (PDG) also occur [4, 5]. These effects of
potassium depletion on renal ammoniagenesis and
glutamine metabolism closely resemble those seen in
metabolic acidosis [6, 7]. In contrast, potassium
loading appears to decrease ammonia diffusion into
the urine, and may do this by decreasing renal am-
monia production [8].
Changes in dietary protein intake have also been
shown to alter ammonia metabolism, although this
situation has not been studied as extensively as potas-
sium depletion or acidosis. Of particular interest is the
finding that PDG concentrations are increased in
kidneys of rats fed a high protein diet for one week [9].
Conversely, a low protein intake decreases ammonium
excretion [10] and renal PDG concentrations are
reduced [4].
Recently, we presented evidence that glutamine
transport across the inner mitochondrial membrane
is a rate-limiting step in renal ammoniagenesis, and in
acidosis this transport is accelerated so that more
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glutamine is delivered to glutaminase [11]. Because of
the similarity of the effects of acidosis, potassium
depletion and protein loading on renal ammonia
metabolism, we studied these latter two conditions to
see if alterations, similar to those produced by acidosis,
could be demonstrated in renal mitochondrial gluta-
mine metabolism. The results indicate that in potas-
sium depletion and protein loading, as in acidosis,
mitochondria are the site of metabolic adaptations
which can explain the increased ammoniagenesis in
viva.
Methods
Sprague-Dawley rats (200 to 300 g) were fed syn-
thetic diets' for one week, Potassium depletion was
produced by treating animals for one week with a low
potassium, vitamin-enriched diet. The control rats
were given the same diet supplemented with KCI,
0.72 g/l00 g, and the potassium-loaded rats received
the same diet supplemented with KCI, 10 g/l00 g. The
low and high protein diets contained 8 and 60
casein, respectively. Glutamine loading was produced
by giving one group of rats, on a control diet, 0.2M
glutamine as their sole source of drinking fluid for
five days, their average ingestion being approximately
30 ml day.
The rats were killed by decapitation and blood
collected for electrolyte determination. The kidneys
were removed immediately and placed in an ice-cold
solution (0.14M NaCI, 0.O1M KCI) and a mitochondrial
fraction prepared by differential centrifugation [11].
The final suspension of the fraction was in 0.3M
sucrose at a protein concentration of 20 to 40 mg/mI,
with less than 10% variation in concentration be-
tween samples compared in an individual experiment.
For measurement of glutamine uptake, the medium
contained (unless otherwise stated) 1mM {'4C(U)}-L-
glutamine, 130 mri KCI, 20mM N-2-hydroxyethyl
piperazine-N-2 ethane sulfonic acid (HEPES), pH
7.4, 0.5mM MgSO4, 1mM Na arsenite and 1g/ml
rotenone (the latter two constituents inhibit meta-
bolism after glutamate formation). 3H-mannitol was
added to measure concurrently the outer space of the
mitochondria. Parallel experiments were run with
tritiated water and 14C-sucrose to determine the rela-
tionship of outer space to total mitochondrial water
and thus allow derivation of the inner water space [12].
Twenty l of mitochondria was incubated with 100 I
of medium for one minute at room temperature. The
1 Obtained from Nutritional Biochemicals, Cleveland, Ohio.
The contents of the diets are listed in their "Biological Diets and
Salt Mixtures" catalogue.
mitochondria were separated from the medium by
centrifugation through a silicone layer into perchioric
acid [11].
Mitochondrial ammonia production was measured
by incubating the intact mitochondria for five minutes
at 37°C in a medium similar to that used for '4C-
glutamine uptake except for the addition of 2 mg/mI
of fatty acid-poor albumin and 1mM oxaloacetate.2
PDG levels were measured as ammonia production
by extracts of lyophilized mitochondria incubated in
the presence of high phosphate and glutamine con-
centrations [11] and phosphate-independent gluta-
minase (PIG) levels were determined on lyophilized
mitochondria by the method of Curthoys and Lowry
[13]. Oxygen consumption by mitochondria was
measured with a Clark-type oxygen electrode (Yellow
Springs Instruments Co.) using a malate and pyruvate
medium [11].
Carcass potassium concentration was determined on
nitric acid digests of whole carcass less kidneys [14].
Perchloric acid extracts of mitochondria were either
counted directly or '4C-glutamine and '4C-glutamate
were separated by small column chromatography
prior to counting as described previously [11].
Ammonia concentration was measured by the alka-
line phenate method after separation from the re-
maining glutamine by column chromatography [15].
Plasma glutamine concentrations were measured by
the method of Sherrard and Simpson [15] on blood
collected at 6:30 AM. Plasma bicarbonate was mea-
sured by a titrametric method [16], sodium and
potassium by internal standard flame photometry and
protein by the method of Lowry et al [17]. Matrix 14C
uptake is defined as the ratio of the 14C concentration
in the matrix space to medium '4C concentration [11].
All results are expressed as mean and are com-
pared by the unpaired Student's t test unless otherwise
stated. Where stated, N equals the number of rats used
in each experiment.
Results
General. There was no difference in weight gain over
the week on the experimental diets between the low
potassium diet, high potassium diet and glutamine-
2 The addition of oxaloacetate stimulates mitochondrial NH3
production fourfold to tenfold in this situation by removal
of matrix space glutamate through glutamate oxaloacetate
transaminase [11]. On incubation in a 14C-glutamine medium
in the presence of 1 mri oxaloacetate, the matrix space of '4C-
glutamate is lower than in the absence of oxaloacetate. However,
the levels of 14C-glutamate concentration are still higher than
controls in acidosis (threefold) and K depletion (twofold)
(unpublished results).
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loaded rats and their respective controls. This sug-
gests that equivalent amounts of calories and other
substances in the food were ingested. However, the
high protein diet rats grew while the low protein diet
rats lost about 10% of their body wt (Table 1).
The volume of the mitochondrial matrix space in all
groups was approximately 0.8 fl/mg of protein or
about 25% of the total water space. Oxygen consump-
tion and ADP:0 ratios were similar in each group and
to those obtained in the previous study (Table 2).
Potassium depletion. After ingestion of the low
potassium diet for one week, plasma and carcass
potassium concentrations were decreased by l0% in
the absence of any change in extracellular acid-base
state as judged from plasma bicarbonate and chloride
concentrations (Table 3). The mitochondria from
kidneys of potassium-depleted and control rats showed
the same characteristics of '4C-glutamine distribution
as described previously [11]; that is, there was no
14C-glutamine detectable in the matrix space. '4C-
glutamine distribution as a percentage of the mannitol
space in the control animals was 83±2.9% (N=6)
and in the potassium-depleted animals it was 80 4.0%
(N=r6). The radioactivity that did accumulate within
the matrix space was mostly '4C-glutamate; unidenti-
fied '4C in the matrix space in controls was 12 2.4%
(N==6), and in potassium-depleted rats, 14±2.3%
(N=6). The potassium-depleted group showed changes
Day! Day7
Control (N=8) 206± 3.5 212±4.0
Low K(iV=8) 207±2.0 214±5.6
Control (N=6) 240± 5.4 243± 6.3
High K (N—6) 236±2.4 238
Low protein (N= 6) 238 3.6 224 6.0
High protein (N= 6) 241 4.3 250 9.0
Control (N=6) 216± 4.3 220± 3.7
Glutamine loading (N=6) 211±5.0 216±6.1
Dietary group 02 consumption
without AD?
Lmoles/mg/min
02 consumption
with ADP
p.moles/nig/min
ADP:0
Control (N=4) 41.3± 1.5 91.8±7.1 2.86±0.10
Low K (N=4) 44.4± 2.4 99.6±4.2 2.67±0.06
Low protein
(N=4) 37.2± 1.7 86.7±5.2 2.86±0.10
High protein
(1t=4) 36.2± 1.1 80.0± 4.7 2.81
Control
N= 8
K + -
depleted
N= 8
Carcass potassium, mEq/100 g 6.7 0.08 6.0 0.07
Plasma potassium, mEq/liter 4.8±0.10 3.9±0.4
Plasma bicarbonate, mEq/liter 26 0.6 27 0.3
Plasma chloride, mEq/liter 99±0.6 98±0.5
in mitochondrial glutamine metabolism very similar
to those seen in our previous study during acidosis [111.
There was an increased uptake of radioactivity when
mitochondria were incubated in 1mM 14C-glutamine
(Fig. 1) which reflected an increase in matrix space
"C-glutamate concentration (control, 1.3 0.10 mM;
potassium-depleted, 2.3 mM; P<0.001). When
14C-glutamate or 14C-a-ketoglutarate was used, there
was a decreased uptake of the relative substance in
mitochondria from potassium-depleted rats (Fig. 1).
In this group there was also an increased level of
extracted PDG and increased ammonia production by
intact mitochondria (Fig. 1).
Potassium loading. There were no differences in any
of the measurements made between the potassium-
loaded (N=6) and control groups (N=6). The
respective values for the control and potassium-
loaded animals were as follows: plasma HCO3,
27±0.6 and 27±0.6 mEq/liter; matrix "C uptake,
1.4±0.21 and 1.5±0.20; intact mitochondrial am-
monia production, 44 3.7 and 40± 1.8 nmoles/mg/
mm; PDG concentrations, 0.232±0.017 and 0.213±
0.020 mo1es of NH/mg/min; PIG concentrations,
Table 3. Tissue and plasma electrolytes in control and potassium-
depleted rats
P < 0.001.
Table 1. Rat weights (g) on the different dietary regimes
P < 0.OOt P < 0.01 P < 0.05
Table 2. Oxygen electrode data on mitochondria from rat
kidneys using malate and pyruvate as substrates
U
U
P < 0.001
0.8
06
. 04
102
GN GT KG
Matrix '4C = uptake NH3 production PDG
Fig. 1. Measurements in kidney mitochondria from control (D)
(N=8) and potassium-depleted (D) (N=8) animals. Results
shown are of matrix "C uptake using '4C-glutamine (GN), "C-
glutamate (GT) or '4C-a-ketoglutarate (KG) as substrate, intact
mitochondrial ammonia production (NH3 production) and PDG
levels (moles of NH3/mg/min).
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0.042 0.0031 and 0.038 0.0025 tmoles of NH3/mg/
mm.
Protein loading. After ingestion of the diets for one
week, plasma bicarbonate concentrations were slightly
higher in protein-loaded rats when compared to
those on a low protein diet (low protein, 25±0.6
mEq/liter; high protein, 28±0.4 mEq/liter. As in
the other study, no '4C-glutamine was detected within
the matrix space. The glutamine space was 95 2.1
and 90 1.4% of the mannitol space in mitochondria
from animals on a high or low protein intake, re-
spectively. The mitochondria from kidneys of the
high protein diet rats had a higher matrix '4C uptake
when incubated in 14C-glutamine, higher PDG
concentrations and higher intact mitochondrial am-
monia production (Fig. 2). The low protein diet group
intact mitochondrial ammonia production was no
different from controls.3
Glutamine loading. The plasma glutamine con-
centrations were raised in the glutamine-loaded (GL)
(N==6) rats compared to the controls (C) (N=6)
(C, 0.55 mM; GL, 0.74 mM; P<0.0l); in
addition, there was a slightly higher plasma bicar-
bonate concentration in the glutamine-loaded group
(C, 28±0.4 mM; GL, 30 0.4 mM). However, there
was no difference in glutamine metabolism by iso-
lated mitochondria between these two groups (matrix
'4C uptake: C, 1.40±0.06; GL, 1.55±0.07—intact
mitochondrial ammonia production: C, 17 1.1
nmoles/mg/min; GL, 18 1 nmoles/mg/min3—PDG
concentrations; C, 0.19 0.020 moles of N113/mg/
mm; GL, 0.23 0.03 moles of NH3/mg/min.
Discussion
The results show that increased ammonia pro-
duction and altered glutamine metabolism are
demonstrable in mitochondria isolated from kidneys
of potassium-depleted (compared to controls) or
protein-loaded (compared to protein-depleted) ani-
mals, situations in which, as in acidosis, renal am-
moniagenesis is increased in vivo. Thus, the adaptive
changes responsible for enhancing ammonia forma-
P<000l P<0.00l
I I kfl IL-fl
Matrix '4C NH3 production
uptake
Fig. 2. Measurements in renal mitochondria from animals fed a
low (Eli) (N=6) or high (D) (N=6) protein diet. Results shown
are of matrix 14C uptake using '4C-glutamine as substrate, in-
tact mitochondrial ammonia production (NH3 production) and
PDG levels (moIes of NH3/mg/min). P values were determined
by paired t test evaluation.
tion from glutamine represent alterations in mito-
chondrial metabolism which persist after isolation of
mitochondria from the tissue. Because of the presence
in the medium of inhibitors of glutamate metabolism
(and because there were higher matrix space 14C-
glutamate concentrations in the potassium-depleted
group as in acidosis [11]) the results also localize the
site of this metabolic adaptation to one of the early
steps in glutamine metabolism preceding glutamate
formation. The increase in PDG concentrations
might, in itself, be thought sufficient explanation for
the increased ammonia formation. However, studies
in metabolic acidosis have shown that increases in
PDG concentrations are not essential for enhanced
ammoniagenesis [6, 7].
Recently, we published a detailed study of the effects
of metabolic acidosis on glutamine metabolism and
ammoniagenesis [11]. Using conditions similar to
those used in the present experiments, we obtained
evidence that glutamine is transported across the
inner mitochondrial membrane by a carrier-mediated
process which is a rate-limiting step in glutamine
metabolism. In metabolic acidosis we showed that an
increase in this transport process occurs and delivers
more glutamine to glutaminase. This adaptive change
accounts for increased ammoniagenesis in metabolic
acidosis. In the present study, potassium depletion
and protein loading caused alterations in mito-
chondrial metabolism which are identical to, although
lesser in magnitude, than those found in chronic
metabolic acidosis. These include increased ammonia
production, increased matrix space levels of 14C-
glutamate derived from glutamine, increased PDG
concentrations, and, in potassium depletion, decreased
uptake of glutamate and cx-ketoglutarate. In metabolic
P < 0.001
PDG
The intact mitochondrial ammonia production levels in the
different control groups vary appreciably, e.g., 40 nmoles/mg/
mm in the potassium-loading experiments and 17 nmoles/mg/
mm in the glutamine loading experiments. However, studies
performed on mitochondria from rats on the control diet for
the potassium experiments performed on the same day as the
low protein diet group gave similar rates of ammonia production
(control diet, 18±1.2 nmoles/mg/min; low protein diet, 16± 1.1
nmoles/mgJmin). The results were quite consistent on a day-to-
day basis and the variability occurred over some months and is
unexplained. However, we feel that any interpretation of this
assay must depend on controls performed on the same day and
inferences cannot be extrapolated from other experiments.
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acidosis it was possible to show that increased gluta-
mine transport occurred prior to the increase in PDG
levels. The similarity of the results obtained here and
those in chronic metabolic acidosis suggest that the
same fundamental process is at work in altering
ammoniagenesis in each of these three cases, this pro-
cess being the increased transport of glutamine into
the mitochondrial matrix space, thus making more
glutamine available for the glutaminase enzyme.
Other factors, such as increased glutamate meta-
bolism, may have some regulating effect on renal
ammonia production in the intact cell in vivo in
acidosis [6] and potassium depletion [3]. However,
in view of the necessity for glutamine to be transported
across the inner membrane into the matrix space for
its deamidation by PDG and the quantitative changes
seen in acidosis [11] and above, it seems likely the
adaptation in glutamine transport plays the major
role in increasing renal ammonia production in
potassium depletion and protein loading as well as in
acidosis.
Potassium loading produced no changes in mito-
chondrial glutamine metabolism to account for its
in vivo effect suggestive of decreased renal ammonia
production [8]. This does not necessarily contradict
the results obtained with potassium depletion. While a
low plasma diet may reduce body potassium content,
potassium loading does not increase body potassium
content if measured after a 20-hr fast [18]; that is,
unlike a low potassium diet, potassium loading pro-
bably has only a transitory effect on body potassium
content. Further potassium loading may not produce
an effect on acid-base balance opposite to that seen in
potassium depletion (see following). Any effect
potassium loading may have on renal ammonia
production in vivo must be other than on glutamine
transport and may be extramitochondrial or extra-
renal.
A problem arose with the preparation of the rats on
the low and high protein diets. As the low protein
diet group lost weight while the high protein diet
group gained weight, this may explain the differences
in glutamine metabolism between the two groups.
We thought it better that the rats had free access to
food rather than restrict the caloric intake of the high
protein group to that of the low protein group (par-
ticularly as nothing is gained, as rats on a low protein
diet still lose weight when compared to rats on a
control diet of the same caloric value [19]). We feel the
results obtained are due to the adaptation in the high
protein diet group because a) the low protein diet
groups had similar results to controls3 and the high
protein diet group had similar results to the potassium-
depleted group, b) weight loss due to two days' starva-
tion does not alter these measures of mitochondrial
glutamine metabolism (unpublished results).. There
is the possibility that the protein loading might pro-
duce its effect by increased substrate (glutamine)
delivery to the mitochondria. Plasma glutamine con-
centrations were not measured in the low and high
protein diet groups. However, as isolated plasma
concentrations may not reflect the amount of substrate
delivered, glutamine loading was tried and induced
no adaptation in glutamine transport.
These results raise the question as to the stimulus
that induces the adaptation in mitochondrial gluta-
mine transport in acidosis as well as in potassium
depletion and protein loading. The above results
suggest that it is not extracellular fluid acid-base
status. An increased hydrogen ion concentration
within the renal tubule cell might be the stimulus,
although it is only an unproven presumption that this
occurs in metabolic acidosis. Prolonged potassium
depletion appears to induce an intracellular acidosis in
muscle [20], and might produce similar changes in
renal tubular cells. However, as to whether one week
potassium-deficient rats, with normal plasma bicar-
bonate concentrations, have an intracellular acidosis
has not been demonstrated. An objection to the intra-
cellular acidosis theory comes with the protein-loading
rats. Although a high protein diet is associated with a
high acid intake, these rats had no extracellular acido-
sis and there is no reason to believe that they had an
intracellular acidosis. The above might suggest that
some factor other than acid-base status (e.g., hormo-
nal [21]) might be involved in the renal adaptation in
acidosis.
In conclusion, we suggest that the basic regulatory
site at which renal ammonia formation from gluta-
mine is controlled is the carrier-mediated transport of
glutamine across the inner mitochondrial membrane.
In cases of enhanced renal ammoniagenesis including
metabolic acidosis, potassium depletion and protein
loading (when compared to protein depletion), an
adaptive increase in this process is required in order to
provide more glutamine for deamidation by glutami-
nase.
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